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MicroRNAs are small non-coding RNAs that regulate gene expression. Although all seven members
of the miR-17-92a cluster originate from one primary transcript they are differentially expressed
suggesting the presence of posttranscriptional regulation. By RNA pulldown and mass spectrometry
we identiﬁed SND1, a known regulator of edited RNAs, interacting with pre-miR-92a and all mature
miR-17-92a members. Hypoxic conditions lead to an elevation of the pri-miR-17-92a transcript and
signiﬁcantly increased levels of the precursors whereas the mature miRs were not signiﬁcantly
changed. SND1 silencing resolved this block in processing and induced an increase in mature miRs.
Together, SND1 might be the missing link between hypoxia and the differential regulation of miRNA
processing.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
MicroRNAs (miRs) are small non-coding RNAs that posttran-
scriptionally control gene expression and play crucial roles in tis-
sue homeostasis and disease [1,2]. The primary transcripts of
miRs (pri-miRs) are transcribed by RNA polymerase II and are sub-
sequently processed by the microprocessor complex comprised of
the RNase III Drosha, the DiGeorge syndrome critical region gene 8,
and the DEAD box RNA helicases p68 and p72 [3]. The cropping of
the pri-miR transcript by the Drosha complex results in the forma-
tion of miR precursors (pre-miRs), which are exported from the nu-
cleus and are further ‘‘diced’’ into the mature 22 nucleotide long
miRs by the RNase III Dicer together with the double-stranded
RNA-binding domain protein TRBP [4].
The expression of miRs is controlled at the transcriptional level,
however, increasing evidence supports the critical importance of
the posttranscriptional regulation of miR biogenesis. MiR process-
ing can be regulated at the level of cropping by modulating Dro-
sha-dependent processing of pri-miRs to pre-miRs. Theconcentration of mature miRs is additionally controlled by modu-
lation of Dicer-dependent processing of the pre-miRs to the mature
miRs or by mechanisms inﬂuencing the stability of the mature
miRs [5–7]. Depletion of the RNA helicases p68 and p72 for exam-
ple has been found to reduce a subset of miRs by blocking the for-
mation of pre-miRs [8]. Upon DNA damage, the transcription factor
p53 can bind to the RNA helicase p68 and Drosha and thereby en-
hances processing of miR-16 and miR-143 [9]. SMAD proteins are
another example of proteins that bind to this complex, and it has
been demonstrated that stimulation of smooth muscle cells with
growth factors promotes SMAD binding to p68 and Drosha thereby
controlling pre-miR-21 processing [10]. In addition, miR biogenesis
is controlled by editing [11]. For example, editing of pri-miR-142
resulted in degradation by the staphylococcal nuclease domain-
containing protein Tudor-SN (SND1), thereby reducing the concen-
tration of the mature miR [11].
The polycistronic miR-17-92a cluster encodes seven mature
miRs miR-17-5p (miR-17), miR-17-3p, miR-18a, miR-19a, miR-
20a, miR-19b and miR-92a. The miR-17-92a cluster is highly
expressed in tumors and was therefore named ‘‘OncomiR-1’’.
Meanwhile various additional functions have been assigned to
the cluster including the regulation of hematopoiesis, immune
functions and angiogenesis [12–15]. MiR-17-92a deﬁcient mice
die during early postnatal development with cardiopulmonary de-
fects [16]. Although the miR-17-92a cluster is transcribed as one
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members of the cluster are differentially regulated. For example,
during endothelial differentiation of mouse embryonic stem cells
the pri-miR-17–92 transcript is increasing while the mature clus-
ter member miR-92a is decreasing [17,18]. Moreover, in medul-
lablastomas it was observed that miR-19a levels are higher than
miR-92a levels [19].
The mechanism underlying the differential posttranscriptional
regulation of the individual members of the miR-17-92a cluster
is mainly unclear, but it was shown that Drosha dependent pro-
cessing of pri-miR-18 but not the other members of the family de-
pends on the RNA-binding protein hnRNP A1 [20,21]. Thereby,
hnRNP A1 speciﬁcally binds to the loop sequence of pri-miR-18
and acts as a chaperone to promote cropping by the microproces-
sor complex [21].
Here we aimed at the identiﬁcation of factors binding to pre-
miR-92a that potentially act as posttranscriptional regulators. SiR-
NA mediated silencing of pre-miR-92a binding proteins revealed
their impact on the processing of the miR-17-92a cluster.
2. Materials and methods
2.1. Cloning and in vitro transcription of pre-miR-92a
The pre-miR-92a sequence (CUUUCUACACAGGUUGGGAUCG-
GUUGCAAUGCUGUGUUUCUGUAUGGUAUUGCACUUGUCCCGGCCU-
GUUGAGUUUGG) was cloned with ﬂanking ApaI restriction sites
into pGEM-T in both, correctly and reversely oriented direction.
Pre-miR-92a and the reverse sequence (subsequently named pre-
miR-co) were in vitro transcribed by run-off transcription using
T7 as described previously [22].
2.2. Cell culture
Human umbilical vein endothelial cells (HUVECs) were pur-
chased from Lonza and cultured in endothelial basal medium
(EBM; Lonza, D-Köln) supplemented with hydrocortisone, bovine
brain extract, epidermal growth factor, gentamycin sulphate,
amphotericin-B, and 10% fetal calf serum (FCS; Life Technologies,
D-Darmstadt) until the third passage as previously described [23].
2.3. RNA pulldown
Published protocols for RNA pulldowns [20,24,25] were adapted
for the use of endothelial cells. Protein preparation: native proteins
from 106 HUVECs were isolated using the AllPrep Kit (Qiagen, D-
Hilden) according to the manufacturer’s protocol. Proteins were
dialysed in pulldown buffer (20 mM Tris–HCl pH 7.9, 6% (v/v) Glyc-
erin, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT) and concentrated for
the pulldown. RNA-bead preparation: 500 pmol in vitro tran-
scribed RNA was denatured at 95 C and renatured on ice for
10 min to allow proper refolding of the RNA. For RNA oxidation,
5 mM sodium-m-periodate (Sigma–Aldrich, D-Taufkirchen) in
0.1 M NaOAc pH 5.0 was added to the RNA to a ﬁnal volume of
200 ll and incubated for 1 h at room temperature. After precipita-
tion, RNA was resuspended in 100 ll 0.1 M NaOAc pH 5.0. In order
to immobilize the RNA to beads, 200 ll of 50% slurry adipic acid
dihydrazide beads (Sigma, D-Taufkirchen) were washed four times
with 1.5 ml 0.1 M NaOAc pH 5.0, resuspended in 300 ll NaOAc pH
5.0 and were incubated with the oxidized RNA over night at 4 C
under rotation. Pulldown: RNA coupled beads were washed three
times with 1 ml 2 M KCl and three times with 1 ml pulldown buffer
containing 1.5 mM MgCl2 and mixed with 500 lg HUVEC proteins
to a ﬁnal volume of 500 ll. After 30 min incubation under rotation
at room temperature beads were washed four times with 1 mlpulldown buffer containing 1.5 mM MgCl2 and twice with 1 ml
water. To elute RNA binding proteins, beads were incubated with
RNase V1 (5 units), RNase A (2500 units) and RNase T1 (5000 units)
in 50 ll elution buffer (20 mM Tris–HCl pH 7.9, 100 mM NaCl,
5 mM MgCl2) for 30 min at 37 C under rotation.
2.4. RNA Immunoprecipitation
RIP was performed using the MagnaRIP™ Kit according to the
manufacturer’s protocol (Millipore) with antibodies against eIF4A2
(ab31218), SND1 (ab65078, Abcam, UK-Cambridge), Ago2 (Anti-
Ago2, clone 9E8.2, Millipore, D-Darmstadt) or IgG as negative con-
trol. To crosslink RNA and proteins, HUVECs were treated with 0.1%
formaldehyde in PBS, for 30 min at 4 C and subsequently lysed
with RIP lysis buffer for 40 min on ice. Antibody coupled beads
were incubated with HUVEC lysates (input) over night at 4 C. After
washing and elution, the RNA was puriﬁed with phenol–chloro-
form, ethanol precipitated, and resuspended in water. To ensure
efﬁcient binding of the proteins to the antibodies, the presence of
the proteins was monitored in the input, as well as in the superna-
tant after incubation with the antibody coupled beads. The input
fraction was kept under the same conditions as the beads to enable
comparison with the proteins used for the RIP.
2.5. Mass spectrometry
Eluted proteins from the RNA pulldown were separated via
SDS–PAGE (4–12% Novex-gels, Invitrogen, D-Darmstadt) and
stained with colloidal Coomassie. The whole lane of the control
and pre-miR-92a pulldown were excised and subjected to in gel-
digestion with trypsin. Proteins were measured by mass spectrom-
etry with an LTQ-Orbitrap XL as previously described [26] and la-
bel free protein quantiﬁcation was performed with the
MaxQuant Software tool [27].
2.6. siRNA transfection and deferoxamin (DFO) treatment
HUVECs were transfected with 40 nM siRNA using Lipofect-
amine RNAiMax according to the manufacturer’s protocol (Life
Technologies, D-Darmstadt). Predesigned siRNA targeted the fol-
lowing sequences (Qiagen, D-Hilden): sieIF4A2 50-TTGCTCAAGCT-
CAGTCAGGTA-30, siSND1 50-ATCCACCGTGTTGCAGATATA-30, siScr
(targeting ﬁreﬂy luciferase as control) 5´-CGTACGCGGAATACTTC-
GA-3´. 24 hrs 50-CGTACGCGGAATACTTCGA-30. Twenty ... hour 50-
CGTACGCGGAATACTTCGA-30. Twenty four hours after transfection
the cells were treated with 100 lM DFO (Sigma, D-Taufkirchen).
96 h after transfection RNA was isolated from the cells using Trizol
(Sigma, D-Taufkirchen) and Chloroform, precipitated with isopro-
panol and resuspended in water.
2.7. qRT-PCR
For analysis of miR expression by quantitative real time PCR
(qRT-PCR) 10 ng RNA isolated from HUVECs were reverse tran-
scribed in a total volume of 15 ll using Taqman miRNA assays (Life
Technologies, D-Darmstadt). SnoRD48 (U48) was used as a control.
RNA eluted from RIP had a concentration below the measurable
values, so that 5 ll were reverse transcribed. 1.4 ll of the product
was used as template for the qRT-PCR in a StepOne Plus real-time
PCR thermocycler. For quantiﬁcation of mRNA, pri-miR and pre-
miR expression, cDNA synthesis was performed with 500 ng RNA
using MuLV reverse transcriptase (Applied Biosystems, US-Carls-
bad) in a 20 ll reaction. After diluting to a ﬁnal volume of 200 ll,
SYBR green qRT-PCR was performed with 8 ll cDNA. RPLP0 served
as a house keeping control. Primer sequences are listed in Supple-
mentary Table 1.
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The relative expression levels of two treatment groups were
compared using unpaired student’s t-test and GraphPad prism
software. A signiﬁcance level of P < 0.05 was considered signiﬁcant.
Data are presented as mean with error bars depicting the standard
error of the mean (SEM).3. Results
3.1. Identiﬁcation of pre-miR-92a binding proteins
To identify pre-miR-92a binding proteins, pre-miR-92a was
in vitro transcribed and immobilized to agarose beads. Pre-miR-
92a conjugated beads were then incubated with protein extracts
that were generated of HUVECs (Fig. 1a). After extensive washing,
bound proteins were eluted by RNase digestion. To determine the
speciﬁcity of the binding, the pre-miR-92a sequence was used in
reversed orientation (pre-miR-co). Eluted proteins were subjected
to mass spectrometry (Fig. 1b). Overall, 192 proteins were identi-
ﬁed and 59 proteins were found to be enriched in the pre-miR-
92a eluate compared to the control experiment. Several proteins
were eluted from both the pre-miR-92a and pre-miR-co conju-
gated beads including potential contaminating proteins such as
keratins (data not shown). Among the proteins that were enriched
in the pre-miR-92a eluate, 29 are known to bind nucleotides and
12 proteins have a described RNA binding activity (Table 1, andM 
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Fig. 1. Identiﬁcation of miR-binding proteins. (a) Pre-miR-92a was in vitro transcribed,
HUVEC proteins. To monitor the efﬁcacy of the RNA binding to the beads, beads were was
TBE gel (Invitrogen, D-Taufkirchen). w = washing fraction,M = low range ssRNA marker (N
92a or a pre-miR-co after elution with RNases. M = page ruler prestained protein ladder
31% are nucleic acid binding, but not explicitely RNA binding. 11% are known RNA bindin
nucleic acids.Fig. 1c). Among the highly enriched RNA binding proteins in the
pre-miR-92a eluate are the eukaryotic initiation factor 4A-II
(eIF4A2) and SND1 (Fig. 1d).
In order to conﬁrm the interaction between pre-miR-92a and
eIF4A2 and SND1, we performed RIP experiments to precipitate
eIF4A2- and SND1-bound RNAs. Ago2 RIPs were used as controls
(Supplementary Fig. 1). EIF4A2- and SND1-RIPs were subjected to
Western blotting conﬁrming that both proteins are speciﬁcally
precipitated (Fig. 2a). SND1 was conﬁrmed as a protein interacting
with pre-miR-92a, whereas we did not detect an association with
eIF4A2 (Fig. 2b). SND1 but not eIF4A2 additionally interacted with
the pri-miR-17-92 transcript (Fig. 2c). Both proteins interact with
the mature members of the miR-17-92a cluster miR-17, miR-18a,
miR-19a, miR-20a, miR-92a (Fig. 2d).
3.2. eIF4A2 does not regulate the biogenesis of the miR-17-92a cluster
members
Since eIF4A2 was shown to bind to the mature members of the
cluster, we determined whether eIF4A2 might control the expres-
sion of the mature miRs of the cluster (Fig. 2). However, silencing
of eIF4A2 (Fig. 3a) did not affect the expression of pri-miR-17-92,
pre-miRs, or miR-17, miR-18, mR-19, miR-20, and miR-92a
(Fig. 3b–d). In addition, inhibition of eIF4A2 expression under con-
ditions that mimic hypoxia (DFO treatment) did not affect the
expression of pri-, pre-, or mature miR-17-92a cluster members
and only slightly reduced all mature miR-17-92a family members
(data not shown).[kDa] 
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Table 1
Proteins identiﬁed via mass spectrometry that were speciﬁcally bound to pre-miR-92a and described as nucleic acid binding proteins.
Grey: RNA binding proteins, white: nucleic acid binding but not RNA binding. Cut off for valid proteins was set to normalized intensity >5  104. Ctrl = pre-miR-co.
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Fig. 2. RNA immunoprecipitation. (a) Control Western blots for RIPs with a fraction of beads after incubation with cell lysates and washing and before Proteinase K digestion
(10% SDS–PAGE). EIF4A2 and SND1 were speciﬁcally precipitated with the respective antibodies. IgG served as a negative control. (b) qRT-PCR analysis of bound pre-miR-92a
in SND1 and eIF4A2 RIPs. IgG and Ago2 were used as controls. (c) qRT-PCR analysis of bound pri-miR-17-92 in SND1 or eIF4A2 RIPs. (d) qRT-PCR analysis of the bound mature
members of miR-17-92a cluster in SND1 or eIF4A2 RIPs. Ago2 controls are shown in Supplementary Fig. 1. qRT-PCR data are depicted as % IgG and mean ± S.E.M. n = 3.
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members
Since SND1 was shown to bind to the pre-miR-92a as well as to
the mature members of the miR-17-92a cluster (Fig. 2), we ex-
plored whether silencing of SND1 may affect the processing of
the cluster. SND1 was efﬁciently silenced by siRNA (Fig. 4a). Under
basal conditions, the expression of the pri-, pre-miRs and maturemiRs was not affected (Fig. 4b–d). However, under stress condi-
tions imposed by the hypoxia mimicking iron chelator DFO, silenc-
ing of SND1 modulated miR-17-92a expression. DFO enhanced the
expression of pri-miR-17-92 as well as pre-miR-17, pre-miR-20
and pre-miR-92a. Despite an increase in the pre-miRs, DFO did
not increase the expression of the mature miR-17-92a cluster
members (Fig. 4d) suggesting that mimicking hypoxia interferes
with processing of the precursor miRs. Silencing of SND1 reduced
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Fig. 3. Silencing of eIF4A2 does not affect the expression of miR-17-92a cluster members. (a) eIF4A2 expression after 48 h of siRNA mediated silencing in HUVECs. n = 4,
⁄⁄ = P < 0.01. (b–d) Effect of eIF4A2 silencing after 48 h on pri-miR-17-92 (b), pre-miR (c) and mature miR (d) levels. Data are depicted as mean ± S.E.M. n = 4–5.
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the precursors (Fig. 4b and c). In addition, SND1 silencing reversed
the DFO-mediated inhibition of mature miR formation leading to
an increased expression of the mature cluster members miR-17,
miR-18, miR-19, miR-20 and miR-92a at 96 h after DFO treatment
(Fig. 4d). Thus silencing of SND1 resulted in a signiﬁcantly reduced
ratio of pre-miRs to mature miRs (Fig. 4e).3.4. The effects of SND on the processing of the miR-17-92a cluster are
independent on A to I editing
Since SND1 is known to degrade edited primary miR transcripts
and precursors [28], we further explored whether the miR-17-92a
cluster might be edited under hypoxia mimicking conditions. How-
ever, only very few editing sites were identiﬁed even if SND1 was
silenced to prevent the potential degradation (Supplementary
Fig. 2). Moreover, siRNAmediated silencing of ADAR1 did not affect
the expression of the members of the miR-17-92a cluster (Supple-
mentary Fig. 3).4. Discussion
In the present study, we have identiﬁed proteins that interact
with members of the miR-17-92a cluster. We further demonstrate
that the multifunctional protein SND1 binds to the primary, pre-
cursor and mature members of the miR-17-92a cluster, whereas
eIF4A2 was only bound to the mature cluster members. EIF4A2
was interacting with pre-miR-92a only in vitro when protein ex-
tracts were co-incubated with the recombinant miR, whereas the
pre-miR-92a was not detected in RIPs of the endogenously ex-
pressed pre-miR-92a. This might be due to the presence of compet-
itive interaction partners that bind to the pre-miR or because
eIF4A2 itself is bound by other translation initiation factors. SiRNA
mediated silencing of eIF4A2 did not signiﬁcantly affect the
expression of pri-, pre- and mature miR levels. However, despite
testing various siRNAs directed against eIFA2, we were unable toreduce eIF4A2 expression below 50%, likely because of the essen-
tial function of this enzyme [29]. Therefore, we only can conclude
that half maximal inhibition of eIF4A2 does not affect the regula-
tion of the biogenesis of miR-17-92a. In contrast, silencing of
SND1 modulated the processing of the miR-17-92a cluster partic-
ularly under conditions that mimic hypoxia.
SND1 is known as a component of the RNA-induced silencing
complex [30] and it accelerates the kinetics of spliceosome assem-
bly and splicing activity [31]. Moreover, SND1 was shown to con-
trol the degradation of edited miRs [11,28]. The present study
now indicates that SND1 is additionally involved in the processing
of the precursors to the mature miRs of the miR-17-92a cluster.
This function was particularly prominent under hypoxia mimick-
ing conditions. Consistent with previous studies [32], hypoxia
and DFO reduced the processing of miRs in endothelial cells. This
hypoxia-mediated reduction of miR processing was prevented
when SND1 was silenced, indicating that SND1 is involved in the
hypoxia dependent impairment of miR maturation. Previous stud-
ies suggested that the inhibition of miR processing by hypoxia is
mediated by a transcriptional repression of Dicer and a reduction
of Dicer mRNA half-life [32]. Therefore, one may speculate that
SND1might contribute to the down-regulation of Dicer expression.
However, silencing of SND1 did not inﬂuence Dicer mRNA expres-
sion under normoxic or hypoxic conditions (data not shown) sug-
gesting that SND1 interferes by other mechanisms.
A second possible mechanism by which SND1 may interfere
with the processing of the cluster may relate to its known function
in degrading edited miR primary transcripts and precursors [11].
Hypoxia was shown to enhance A to I editing [33]. This may result
in a higher degradation of miRs by SND1, which is prevented by
SND1 silencing. Interestingly, in ADAR2/mice under basal condi-
tions miR-17, miR-19a and b, miR-20a and miR-92a were found to
be >1.3-fold up regulated [34]. However, next generation sequenc-
ing did not reveal differences in editing of the miR-17-92a cluster
under hypoxia mimicking conditions in the absence of SND1 (Sup-
plementary Fig. 2). Another possible mechanism is based on the
observation that SND1, is localized to stress granules after a stress
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localized to stress granules and thereby carries its bound pre-miRs
into these compartments, where they cannot be processed. When
SND1 is silenced, the pre-miRs have access to the processing
machinery in the cytoplasm. This is one speculative mechanism
which needs conﬁrmation by further experiments.
The effects of SND1 on the processing of the miR-17-92a cluster
may contribute to the regulation of angiogenesis. Silencing of SND1
was shown to inhibit angiogenesis in a chicken chorioallantoic
membrane assays and in endothelial cells [36]. Here we describe
that silencing of SND1 particularly under hypoxia augments the
expression of the mature miR-17-92a cluster members. All mature
members of the miR-17-92a cluster were shown to block sprouting
and tube formation of endothelial cells in vitro [37]. Moreover, sev-
eral of the mature members – particularly miR-17/20 and miR-92a
– inhibit the vessel growth in vivo [37].Thus, the increased levels of
the anti-angiogenic mature members of the miR-17-92a cluster
observed after SND1 silencing in the present study may well ﬁt
with the described inhibition of angiogenesis by siRNA mediated
SND1 depletion [36].Acknowledgements
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